In vertebrates Notch signaling regulates cell fate decisions and boundary formation and it underlies several murine and human diseases. Gene targeting experiments point to key roles of Notch receptors, ligands, modulators and downstream targets in somitogenesis, neurogenesis and vascular development. Here we report the embryonic expression of the hairy-related basic helix-loop-helix gene HeyL in wild-type and Notch pathway mutant mice. We show that HeyL is strongly expressed in the presomitic mesoderm, the somites, the peripheral nervous system and smooth muscle of all arteries. Loss of HeyL expression at the level of nascent somites in Notch1 and Delta-like1 knockout mutants implicates HeyL as a Notch effector during somite formation. Furthermore, HeyL expression in vascular smooth muscle cells and in the thymus strikingly overlaps with that of Notch3, mutations of which underlie the CADASIL vascular disorder. q
Results and discussion
Functional analysis of genes participating in the Notch signaling pathway has demonstrated a crucial role for the receptor Notch1, the ligands Delta-like1 (Dll1) and Deltalike3 (Dll3), the Notch modulator lunatic fringe (Lfng) and several downstream acting genes in anterior-posterior compartmentalization and somite formation. Although a primary metameric pattern is established in Dll1 knockout mutants, the segments do not show anterior-posterior polarity or form epithelial somites, and embryos die around E12 through hemorrhage (Hrabe de Angelis et al., 1997) . Notch1 mutants only survive until E9.5, although the somitogenesis phenotype is weaker, exhibiting only delay and disorganization (Conlon et al., 1995; Swiatek et al., 1994) . Consequently, expression of the hairy-related Notch target genes Hes1 and Hes5 is absent in both mutants (Barrantes et al., 1999) .
In addition to somitogenesis, Notch signaling is also crucial for development and maintenance of the vasculature. Notch1, Notch4, Dll1, Dll4 and Jagged1 are expressed in vascular endothelia and loss of function mutations lead to impaired vessel formation (Krebs et al., 2000; Reaume et al., 1992; Shutter et al., 2000; Uyttendaele et al., 1996; Xue et al., 1999) . Furthermore, missense mutations in the Notch3 gene that is expressed in vascular smooth muscle cells cause CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) leading to strokes and dementia in humans (Joutel et al., 1996) .
The recently identi®ed HeyL gene is a potential target of the Notch signaling cascade based on sequence homology to hairy and Enhancer of split genes, promoter studies and analysis of Notch1 transgenic mice (Leimeister et al., 1999; Lin et al., 2000; Maier and Gessler, 2000; Nakagawa et al., 1999) . Therefore, we analyzed HeyL expression during mouse development, compared it with that of Notch pathway genes and assessed Notch dependence of HeyL expression in Notch1 and Dll1 knockout mutants.
HeyL expression during mouse embryogenesis was investigated by in situ hybridization of whole embryos and tissue section from E9.5 to E17.5. At 9.5 days, HeyL is expressed in the prosencephalon, the branchial arch mesenchyme, the peripheral nervous system, the pronephros, the presomitic mesoderm and the somites (Fig. 1A,E) . During somitogenesis, HeyL is dynamically expressed in the anterior presomitic mesoderm (PSM) and subsequently in the posterior part of the nascent somite (Fig. 1A±D ). HeyL expression is transiently reduced in somites I and II, but gets gradually stronger and broader in older somites, where it stains the posterior portion (Fig. 1D,H) . In more advanced somites, HeyL transcripts are detected in the myotome (Fig. 1F,G) . Additionally, HeyL is strongly expressed in the spinal nerves and ganglia (Fig. 1B,C ,F,G), where it is observed throughout later development ( Fig. 2A,B) . HeyL expression in the prosencephalic and later the telencephalic region is restricted to mesenchymal cells and is subsequently found surrounding the olfactory bulb (Figs. 1A±C and 2A; Nakagawa et al., 1999) .
To study the potential regulation of HeyL transcription through Notch signaling, we analyzed HeyL expression in Dll1 and Notch1 knockout mice. In both mutants HeyL is no longer expressed in the PSM and the nascent somite, whereas all other sites of expression appear unaltered (Fig. 1I±M) . As shown in Fig. 1L , HeyL expression in the disorganized cells of the Dll1 mutant somites is present but diffuse and not restricted to any somite compartment. Furthermore, since the spinal ganglia are not segmentally organized in Dll1 mutants, due to loss of anteroposterior somite polarity, HeyL expression in these cells is likewise unsegmented (Fig. 1J,K) . Together with our previous ®nd-ings of HeyL induction by transgenic expression of activated Notch1 (Lin et al., 2000) , these data con®rm HeyL as a Notch1 target gene that is likely involved in somite formation and patterning.
At later stages of development, we observed HeyL transcripts in a variety of tissues ± kidney, thymus, spinal ganglia, teeth ± and most obvious in smooth muscle cells of the digestive tract and the vasculature (Fig. 2A±G) . In the latter, HeyL is coexpressed with Notch3, so far the only Notch pathway gene detected in vascular smooth muscles ( Fig.  2H,I ; Joutel et al., 2000) . Both genes are also coexpressed during late thymus development and our own promoter studies further suggest a potential regulation of HeyL transcription by Notch3 .
Experimental procedures
The following mouse strains were used: CD1 outbred (Charles River), Dll1 (Hrabe de Angelis et al., 1997) and Notch1 (Radtke et al., 1999) knockout mutants. Embryos were dissected from time matings of CD1, Dll1 1/2 or Notch1 1/2 mice, and yolk-sac DNA of mutant embryos were genotyped by allele-speci®c PCR. In situ hybridization of whole embryos or tissue sections was performed as described previously (Leimeister et al., 1998) . Exon 5 of the HeyL cDNA was used to generate the antisense riboprobe (Steidl et al., 2000) . According to the somite staging system developed by Ordahl (1993) , the last formed somite was designated as SI. the Notch3 probe. This work was supported by the Deutsche Forschungsgesellschaft through SFB 465 (A4).
